Background: The correct valganciclovir dose for cytomegalovirus (CMV) prophylaxis depends on renal function estimated by the Cockcroft-Gault (CG) estimated creatinine clearance (CG-CrCl) formula. Patients with delayed or rapidly changing graft function after transplantation (tx) will need dose adjustments.
Introduction
Cytomegalovirus (CMV) infection and disease continue to be clinically relevant infectious complications for renal allograft recipients. It can result in CMV syndrome, tissue invasive disease, asymptomatic CMV infection [1] with neutropenia or leucopenia, or most often in 'flu-like illness' with myalgia and fatigue. Indirect effects of CMV infections are allograft rejection, increased risk of opportunistic infections and reduced allograft and patient survival [2] . Risk factors for developing CMV infection after renal transplantation (tx) are donor positive/receptor negative (Dþ/RÀ) serostatus, short prophylaxis duration, higher levels of immunosuppressive therapy and allograft rejection [3] .
Recent guidelines recommend for CMV prophylaxis for patients with good renal function (>60 mL/min) a daily dose of 900 mg valganciclovir for 3 months or up to 6 months for high-risk patients [1, 3, 4] . Valganciclovir is a valine ester of ganciclovir, with a 66% higher bioavailability compared with oral ganciclovir capsules. It is a prodrug, and is rapidly absorbed and metabolized to the active form ganciclovir. Valganciclovir prophylaxis with 450 mg daily dose achieved comparable area under the curve (AUC 0-24 h ) values compared with 1 g oral ganciclovir every 8 h [5] . Dose adjustments depending on the glomerular filtration rate (GFR) are needed as the apparent clearance of ganciclovir is highly correlated with renal function [6] . It is recommended to adjust the valganciclovir dose according to the Cockcroft-Gault (CG) estimated creatinine clearance (CG-CrCl) formula [3, 7] . Key issues facing CMV prophylaxis with valganciclovir are late-onset CMV disease and higher rates of leucopenia or neutropenia, which are common side-effects of valganciclovir [8] .
In order to decrease the risk for haematological side effects it is discussed whether low-dose prophylaxis (450 mg) may be used instead of standard dose (900 mg) for prophylaxis treatment [6, [9] [10] [11] [12] [13] . Kalil et al. [11] compared in a meta-analysis effectiveness of valganciclovir 900 mg versus 450 mg for CMV prophylaxis. There was no significant difference in frequency of CMV disease but significantly higher risk for leucopenia for the high dose group [11] . However, due to lack of sufficient data especially for high-risk patients, currently valganciclovir prophylaxis with 450 mg daily is not recommended. Major concerns are higher risk for ganciclovir resistance and late-onset disease [3] .
Materials and methods
The main objective of this retrospective study was to evaluate the routine prescribing frequency for all GFR classes in relation to under dosing/recommended dosing or overdosing due to the prescribing information/current recommendations. Major outcome objectives were CMV viraemia and occurrence of CMV infection as parameters for the effectiveness and adverse drug reactions like leucopenia or neutropenia.
All adult (!18 years) kidney transplant patients receiving valganciclovir prophylaxis in our center, were included who were transplanted between August 2003 (¼ the introduction of routine valganciclovir prophylaxis in our center) and August 2011. Complete 1-year follow-up was available for all patients, except for patients with graft loss or death; at that time patient observation ended. Also, observation ended when CMV viraemia was detected and CMV therapy started. All laboratory data (CMV status, leucocytes, neutrophil granulocytes and renal function), medication history and medical records were reviewed from the transplant database. All patients are closely followed in our clinic for the first year. At each visit, medication is checked and patients are provided with an actual medication list, which guarantees the highest possible data quality on medication. This study was approved by the local ethics committee of the hospital.
From 2004 on, every patient received Bactrim as universal prophylaxis.
Dosing frequency of valganciclovir
At our transplant centre, valganciclovir prophylaxis has been prescribed since the introduction of valganciclovir in 2003 in kidney transplant recipients depending on donor/recipient status. Valganciclovir dosing was adjusted to the estimated creatinine clearance based on CG-CrCl. Except for early start of prophylaxis in the first week post-transplant with once weekly dosing for patients with estimated creatinine clearance <10 mL/ min (for this group of patients no dosing recommendations exist), there was no formal site-specific dosing guidance given. As recommended by guidelines, official dosing recommendations were provided to the treating physicians and dose adjustments were to be performed according to the renal function.
According to the medical records in the transplant database, dosing schema and frequency was analysed according to the dosing recommendation in the prescribing information. Dosing schema was divided into underdosing (lower dose prescribed than recommended), recommended dosing (dose prescribed according to prescribing information) or overdosing (higher dose prescribed than recommended). Comparisons were made for CG-CrCl on Days 30 and 60.
CMV viraemia
CMV viraemia was defined as CMV-PCR >750 copies/mL and CMV infection as positive PCR in combination with clinical symptoms. CMV infection was divided into mild infection defined as mild leucopenia and mild general symptoms, and severe infection defined as severe leucopenia colitis, hepatic or other organ involvement. Additionally, we analysed hospitalization caused by CMV viraemia and/or CMV infection.
Leucopenia was defined as mild leucopenia <3500 cells/mL and severe leucopenia <2000/mL. Neutropenia was defined according to NCI Common Terminology Criteria for Adverse Events v3.0 as grade 1 (mild neutropenia) with <1500/mL and grade 4 (severe neutropenia) with <500/mL [14] .
Statistics
For statistical data analysis, SPSS version 23 (IBM SPSS Inc., Chicago, IL, USA) was used. Continuous variables were shown either as mean 6 standard deviation (SD) or median (range 
Valganciclovir dosing
During this analysis, a large heterogeneity in valganciclovir dosing became obvious ( Median daily dose (192.9 mg/day, range 0-450 mg/day) was lowest for underdosed patients on Day 30 while for patients with recommended dosing (median: 450 mg/day, range: 0-900 mg/day) and overdosed patients the median daily dose was the same (median: 225 mg/day, range: 64.3-900 mg/day).
There was heterogeneity in prescribing frequency in patients with estimated creatinine clearance between 10 and 60 mL/min ( Figure 1 ). Although no recommendations are given for values below 10 mL/min, in six of eight patients (75.0%) valganciclovir was prescribed once weekly and most patients with low renal function (CG-CrCl <10 mL/min) were overdosed. Similarly, almost 90% of patients with values >60 mL/min were underdosed, receiving only 450 mg/day. For GFR >40 mL/min valganciclovir was prescribed most frequently once daily (53/184, 28.8%) and even more often for GFR >60 mL/min (n ¼ 101/178, 56.7%), while recommended dosing of 900 mg remained low (16/178, 9.0%). Similar results were obtained on Day 60 (data not shown). Dose levels differed largely from the recommendations in the prescribing information. The mean daily dose was lower than the recommended dose for the estimated creatinine clearance for GFR classes 40-60 mL/min and CG-CrCl > 60 mL/min, while higher doses were prescribed for creatinine clearance <10 mL/min (Table 2) .
CMV viraemia and disease
Overall, 112 patients (17.6%) were tested CMV-PCR positive at any time during the first post-transplant year (Table 3) . Most patients with positive CMV-PCR (59/635; 9.3%) remained asymptomatic. Only 27/635 patients (4.3%) required hospitalization for CMV infection during the first year after transplantation; 3/112 (2.7%) patients developed CMV resistance.
Median time to CMV viraemia was 151 (12-359) days posttransplant. In 23/635 (3.6%) patients, CMV viraemia was observed during prophylaxis with a median of 88 days (12-271) after transplantation ( Figure 2) . Half of these patients remained asymptomatic (13/23, 56.5%), 4/23 (17.6%) developed mild symptoms while only 6/23 (26.1%) had a severe clinical course. After prophylaxis, 89/635 (14.0%) patients developed CMV viraemia with a median time of 171 (28-359) days post-transplant (Figure 2 ). Median prophylaxis duration for patients who developed CMV viraemia during prophylaxis was 87 days (min-max: 5-269 days), 25% of patients received 66 days and 75% of patients 126 days of prophylaxis. Patients developing CMV viraemia after prophylaxis received valganciclovir for a median of 90 days (min-max: 5-275), with 25% of patients receiving it for 75 days and 75% of patients for 126 days. There was no significant difference in the severity and hospitalization rate between patients developing CMV viraemia during or after prophylaxis (data not shown). The incidence of patients with CMV viraemia was comparable between underdosed, overdosed and recommended dosing (Figure 3) . The results were similar on Day 60 (data not shown).
Logistic regression revealed that Dþ/RÀ patients were at greater risk of developing CMV viraemia (Table 4) . CMV-positive patients had significantly shorter prophylaxis duration. A trend to lower CG-CrCl values in CMV-PCR-positive patients was observed. Multivariable logistic regression analysis did not confirm renal function as a risk factor. Correct valganciclovir dosing, underdosing and overdosing did not have a significant impact for developing subsequent CMV viraemia. Similar results were obtained for Day 60. Immunosuppressive medication like steroid doses and MPA intake were not identified as risk factors. Calcineurin inhibitor trough levels were comparable between both groups.
Leucopenia
During prophylaxis, 166 (26.1%) patients developed leucopenia, most of them mild leucopenia (<3500/mL) (109/635, 17.2%) ( Table 3) . Patients who developed leucopenia were overdosed on Day 30 (7.4% versus 5.5%) in comparison with patients without leucopenia (P ¼ not significant).
As a consequence of leucopenia, valganciclovir prophylaxis was stopped in 28/166 (17.0%) patients, dose reductions were performed in 25/166 (15.1%) and in 5/166 (3.0%) patients valganciclovir prophylaxis was paused. However, in most patients (104/166 patients, 62.7%) no changes in prophylaxis treatment were made because leucopenia was mild. For four patients, no data were available. One patient with leucopenia during prophylaxis received filgastrim and developed CMV viraemia 5 months after the prophylaxis ended.
In total, 162/166 (97.8%) patients with leucopenia were on MPA treatment at the time of leucopenia. In those patients, MPA dose reductions were performed in 78/162 (48.1%) patients, MPA treatment was paused in 7/162 (4.3%) patients, and in 69/ 162 (42.6%) patients no changes in MPA therapy were performed. In one patient, MPA dose was increased and no information on MPA dose adjustments were available in 2/162 patients (1.2%).
The median methylprednisolone dose at the time of leucopenia was 8 mg. The most significant risk factors for leucopenia were low CG-CrCl and Dþ/RÀ status. Various valganciclovir dosing on Day 30 or Day 60 was not identified as a risk factor for leucopenia occurrence. Univariate analysis revealed that younger patients and patients with living donors were at lower risk for developing leucopenia but this was not confirmed in multivariable analysis (Table 5) . Immunosuppressive medication such as calcineurin inhibitors, MPA intake or steroids were not identified as risk factors for leucopenia or CMV infections.
Neutropenia during prophylaxis
Only 48 (7.6%) patients of the overall cohort developed neutropenia during prophylaxis (Table 3) . Most of the patients had mild neutropenia and neutropenia occurred together with leucopenia in 85.4% of all cases. Dosing frequency was comparable between patients with and without neutropenia on Days 30 (P ¼ 0.936) and 60 (P ¼ 0.790). Due to lower incidence of neutropenia no logistic regression was performed.
Discussion
In this retrospective study, valganciclovir dosing pattern was thoroughly evaluated and outcome analysed in a large cohort of renal transplanted patients receiving valganciclovir for CMV prophylaxis. The focus of this analysis was to investigate valganciclovir dose in relation to estimated creatinine clearance (by CG) in relation to the prescribing behaviour of physicians and its impact on CMV viraemia and adverse effects such as leucopenia and neutropenia.
First, we observed large differences in valganciclovir dosing, especially in patients with estimated CG creatinine clearance <25 mL/min. After renal transplantation, GFR values are changing rapidly and the recommended valganciclovir dose was frequently not prescribed. Although it was intended to prescribe valganciclovir according to the product information, this was obviously not achieved in daily routine of a large outpatient transplant clinic. The main problem was insufficient dose adjustments in patients with rapidly improving renal function after transplantation. Obviously, there is a need for better monitoring of drugs with renal elimination, eventually through electronic online information systems. Given the fact that prophylaxis lasted >200 days in some patients, this may indicate that prophylaxis stop was simply forgotten in clinical routine.
In our cohort, $70% of patients received a lower than recommended dose of valganciclovir, $10% a higher dose and only 20% received the recommended dose. Most underdosed patients had good renal function (CG-CrCl >60 mL/min) and received 450 mg daily instead of 900 mg and 450 mg every second day instead of 450 mg daily in patients with CG-CrCl of 40-60 mL/ min. In large prospective studies, 900 mg daily dose of valganciclovir was used for prophylaxis of CMV infection in patients with good renal function. Unfortunately, the efficacy of lower doses was not tested in prospective randomized trials [8, 15] . Even though most patients were underdosed in this study, CMV viraemia frequency was not significantly higher than in the correct dosing group. Logistic regression did not detect underdosing as a risk factor for CMV viraemia. Instead, well-known risk factors, such as high-risk constellation of transplant patients and duration of therapy, were found. Dþ/RÀ patients were $13-times more likely to develop CMV viraemia. Posadas Salas et al. [10] found that $50% of patients received the recommended dose, the other half received lower or higher doses than appropriate, which confirms the difficulty of appropriate dosing in renal transplant patients. Given the good results on outcome, with only 4.3% hospitalizations due to CMV infections, the obvious underdosing had no detrimental effects on outcome. This observation is supported by other recent studies demonstrating a similar effect of low-dose valganciclovir versus recommended dose on CMV infection and an improved outcome of leucopenia occurrence in renal transplant patients [9, 16] . Surprisingly, similar to our findings, higher doses were even associated with a higher prevalence of CMV infections. It was explained by inability of an adequate immune response after drug discontinuation because of the insufficient exposure of the host to low CMV viraemia levels during prophylaxis [9, 17] . A meta-analysis confirmed the effectivness of lower doses for renal transplant patients with different serostatus [11] .
Ganciclovir-resistant CMV disease occurs in <1% of solid organ recipients. One of the indicators of drug-resistant CMV disease is that despite treatment the viral load persists, plateaus or even rises [18] . In our cohort, only three patients developed ganciclovir-resistant disease. Comparable results were observed in high-risk kidney transplant patients receiving lowdose valganciclovir prophylaxis treatment [9] or standard valganciclovir prophylaxis dose [19, 20] . Recent reviews and guidelines also suggest low risk of drug-resistant CMV disease with universal prophylaxis most likely due to the highly effective prophylaxis, which prohibits high viral replication and the development of resistance in those patients [3, 18] .
Finally, a pharmacodynamic analysis revealed an improved suppression of CMV viraemia and delayed development of CMV viraemia after 900 mg valganciclovir prophylaxis compared with standard oral ganciclovir treatment [21] . Given the fact that ganciclovir AUC 0-24 h is comparable between 1 g ganciclovir every 8 h and 450 mg valganciclovir [5] , the current valganciclovir dosing recommendations have to be questioned and further investigations on low-versus high-dose valganciclovir for CMV prophylaxis are needed.
Renal function was significantly lower in patients developing CMV viraemia (P < 0.001) but was not identified as a risk factor, which is in line with results of another retrospective analysis in CMV high-risk patients [9] and a post hoc analysis of a randomized trial [10] . In the latter one, patients never achieving a creatinine clearance >60 mL/min were at greater risk for CMV development [10] .
Differences in CMV infection frequency were found in patients in relation to the immunosuppressive therapy used. Induction therapy was performed most often with basiliximab but induction therapy was not identified as a risk factor for CMV infection in this cohort. Similar to these findings, another clinical trial did not find any difference between CMV infection incidence between patients who received induction therapy with basiliximab or anti-thymocyte globulin (ATG) or no induction therapy [22] . The low frequency of CMV viraemia in our cohort was comparable to a tacrolimus-MPA-treated group where Dþ/ RÀ patients received prophylaxis therapy [23] . Even lower incidence of CMV infections of <6% was observed in everolimustreated patients compared with MPA therapy [24, 25] or sotrastaurin treatment [26] . Almost 90% of our patients received MPA. Therefore, comparison to other immunosuppressive medications, such as everolimus, was not considered as appropriate. Leucopenia, as a side effect, was observed non-significantly more often in overdosed patients and less in underdosed patients. Multivariable logistic regression did not show valganciclovir overdosing as a risk factor for developing leucopenia, instead Dþ/RÀ patients and low renal function were identified. Similar to these findings some studies showed that higher valganciclovir doses were associated with a high leucopenia incidence [9, 11, 16, 27] . Only a weak correlation between ganciclovir overexposure and haematologic side effects was found in another study [21] .
Due to low renal function, which is common in the early kidney post-transplant period, 7-o-mycophenolic acid glucuronide (MPAG) is accumulated, which can displace mycophenolic acid (MPA) from albumin binding, causing a higher free fraction of MPA and a larger bone marrow suppression [28] . Therefore, the risk of developing leucopenia could be higher in patients with poor renal function taking MPA. However, MPA intake was not identified as a significant risk factor in univariable analysis. Again, the analysis is limited by the fact that $90% of patients received MPA. In our study, the incidence for leucopenia development during prophylaxis was higher ($16.6%) than in another study where patients were treated with MPA but without valganciclovir co-treatment (9.9%) [29] . This indicates patients receiving both drugs are more prone to leucopenia than with MPA alone or without either treatment option. In this context, it is important to mention that also steroid sparing/withdrawal therapy may lead to significantly higher frequency of leucopenia [30, 31] . However, steroid doses were comparable between both groups and were not identified as a risk factor. Bactrim may have influenced leucopenia development as well, but as universal prophylaxis was used; no further analysis on the impact of Bactrim could be performed.
In our cohort, induction therapy with basiliximab, daclizumab and ATG did not influence leucopenia development and was not identified as a risk factor. Leucopenia is seen as a typical side effect of ATG [32] : in one study, more patients in the ATG group than in the basiliximab group developed leucopenia (<2500/mm 3 ) early after transplantation [33] . A retrospective analysis revealed ATG use and African-American race as risk factors for leucopenia [34] . However, because of the predominance of Caucasians and infrequent use of ATG, we could not investigate these risk factors in our cohort.
Similar to another retrospective analysis [35] , we identified low GFR as a risk factor for leucopenia. Given the fact that we observed a large heterogeneity in the dose adjustments according to renal function this may indicate some overdosing in patients with low renal function. Also, Dþ/RÀ patients were almost three times more likely to develop leucopenia. This patient group may need a close follow-up after transplantation. Although patients in the leucopenia group were older, age could not be identified as a risk factor for leucopenia.
Granulocyte colony-stimulating factor (G-CSF) use was reported in other transplant centres as a frequent (7.8-49%) treatment option for leucopenia [22, 27, 30] . In our cohort, only one patient was treated with filgastrim for leucopenia. The most frequent treatment options for severe leucopenia were MPA and/or valganciclovir dose reductions. In many cases, valganciclovir prophylaxis treatment was paused or stopped, because risk for infection was low at the end of prophylaxis in combination with low steroid doses.
Neutropenia is one of the most common side effects of valganciclovir [8] . The number of patients who developed neutropenia (<1500/mL) in our centre was 46 (7.5%), with only 8 (1.8%) patients with severe neutropenia (<500/mL), which was comparable to another study [8] and lower than in other studies [26, 34, 36] . Most of the patients in our cohort experienced leucopenia (41/635 patients, 6.5%). Although overdosing was observed in the neutropenia-positive group the differences in valganciclovir dosing were not significant (Figure 3 ). This is in agreement with another study where no statistically significant association of valganciclovir dosing and neutropenia was found [27] . A strong link between neutropenia and MPA was observed in patients on MPA-tacrolimus treatment. Here, a higher incidence was observed compared with patients on MPA-cyclosporine treatment [36] . It was explained by the lower MPA concentrations in patients on MPA-cyclosporine therapy in contrast to MPA-tacrolimus treatment due to inhibition of the enterohepatic recirculation by cyclosporine leading to lower MPA concentrations [36, 37] . MPA dose reductions due to side effects are associated with a higher risk of acute rejections [36, 38] . Therefore, therapy with G-CSF and/or valganciclovir therapy stop may be an alternative if neutropenia is observed [36] . However, more studies investigating the risk of malignancies or other adverse events after G-CSF application are needed [30] .
There are some limitations in this retrospective study. Prospective, randomized studies are needed to investigate the safety, tolerability and outcome of low dose versus standard dose for valganciclovir prophylaxis after transplantation in a large cohort. For more precise analysis of valganciclovir dosing, plasma concentrations are needed to establish a link to the pharmacodynamic response, which was not available for this analysis. Some patient characteristics were not evenly balanced in our cohort. Therefore, caution is required, as for any other retrospective study, in the interpretation of the results. Due to the retrospective nature of the study, patient compliance was also not determined.
In conclusion, valganciclovir is considered to have a comparable tolerability and safety profile, even though high variability in dosing patterns was observed in patients with low renal function (<25 mL/min). Standard dose or low dose of valganciclovir was comparable regarding CMV prevention and adverse events, with fewer patients developing leucopenia with application of one dosing step below the recommended one without increasing the risk for developing CMV viraemia.
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